ABSTRACT
INTRODUCTION
Murine erythroleukemia (MEL) cell lines are transformed erythroid precursors that are blocked at the proerythroblast stage of erythroid maturation (1) . A large number of chemical compounds, including hexamethylenebisacetamide (HMBA), can induce these cells to overcome the block and reinitiate the erythroid differentiation program (2) . A precommitment period of 12-24 hours is required before cells begin to become irreversibly committed to terminal differentiation (3, 4) .
During the process of induced differentiation, a number of specific gene expression changes occur. Globin gene expression is markedly increased as MEL cells undergo erythroid differentiation. The large increase in the level of globin mRNA is primarily due to an increase in gene transcription (5, 6) . The expression of several protooncogenes is also changed after exposure to inducers of differentiation (7, 8, 9) . c-myc and c-myb are expressed in untreated MEL cells. Expression of both genes is down regulated during the first hours of induced differentiation followed by a transient reexpression, approximately 18 hours later, and a subsequent final decline (7, 8, 10 ). We have recently described two HI histone genes, Hi0 and Hivar. 1, that encode polyadenylated mRNAs that are induced in the early precommitment period (11) .
While the changes in gene expression observed during the later stages of MEL cell differentiation (e.g. globin mRNA induction) are related to the differentiation process per se, genes that change their expression level during the precommitment period could be responsible for causing these cells to reenter the erythropoietic program. MEL cell differentiation is thought to be a multistep process (12) , in which a cascade of gene expression changes leads to events that trigger expression of other cell type-specific genes.
Several lines of evidence suggest that c-myc and c-myb play a critical role in the commitment of the cells to reenter the differentiation program. In particular, MEL cell transfectants in which either c-myc or c-myb are constitutively expressed from heterologous promoters lose the capacity to differentiate (9, 13, 14, 15, 16) . Consistent with the model for a cascade of gene expression changes we have recently shown that deregulation of c-myc but not c-myb interferes with the induction of the two HI histone genes that is normally triggered by HMBA treatment (11) .
We are interested in the isolation and characterization of genes that may play a role in the initiation of the MEL cell differentiation program. Changes in gene expression during the precommitment stage is one putative characteristic of genes involved in the initial cellular response to an inducer. To (18, 19, 20) . The two genes encode identical proteins but they differ in the 5' and 3' nontranslated regions. Unlike most histone genes, the H3.3 genes produce polyadenylated mRNAs. We show here that the H3.3A and H3.3B mRNA levels change during MEL cell differentiation, primarily due to post-transcriptional regulation. The expression of both subtypes in different tissues and at different stages of development is also reported.
MATERIALS AND METHODS
Cell culture MEL cell line DS19 was grown in Dulbecco's Modified Eagle's medium (DME) supplemented with 10% fetal bovine serum. Cultures were induced by the addition of HMBA to a final concentration of 5mM as previously described (10) . Induction was monitored by the benzidine staining reaction. Deregulated c-myc MEL cell transfectants kindly provided by Dr W.Kuehl (9) , were grown in RPMI 1640 medium containing 10% fetal bovine serum. Deregulated c-myb transfectants, a gift from Dr E.Prochownik (13) , were grown in DME medium with 10% fetal bovine serum.
Differential plaque hybridization To isolate differentially expressed cDNA clones, we screened a XtlO-cDNA library constructed from polyadenylated RNA extracted from MEL cells that had been induced with HMBA for 18 hours. The preparation of this library has been described previously (11) . The cDNA library was plated at low density (600-800 plaques per 150 mm plate) and screened by a modification of the Benton and Davis procedure (21) . Quadruplicate nitrocellulose filters were sequentially imprinted on agar plates for 1, 2, 4 and 8 minutes, respectively. After aLkali denaturation, the filters were neutalized and baked at 800C under vacuum for 2 hours. Filters were washed in IM NaCl, 50mM Tris-HCl pH 7.6, 1mM EDTA and 0.1% SDS for one hour at 420C, and prehybridyzed in 5 x SSC, 5 x Denhardt's solution, 5OmM sodium phosphate (pH 6.8), 0.1% SDS and 100 ,Ag/ml of denatured salmon sperm DNA for four hours at 65°C. Hybridization was carried out in the same solution containing 32P-labeled cDNA probes at 2 x 106 cpm/ml for 48 hours.
Complex cDNA probes were prepared from uninduced and induced cell poly A+ RNA with reverse transcriptase (Life Sciences) using conditions specified by the manufacturer. Specific activities of the probes were about 2 x 108 cpm/,g. Differentially hybridizing plaques were picked and purified through second and tiird rounds of screening employing the same hybridization conditions. The cDNA inserts from the purified clones were prepared by EcoRI digestion of phage DNA and purified by agarose gel electrophoresis and electroelution.
RNA isolation and Northern blot analysis Total cellular RNA from MEL cells was prepared by the hot phenol extraction procedure (22) . 15 /Ag of total RNA were analyzed by Northern blot hybridization as previously described (11) . RNA (24) . pMH3B-3' is a cDNA clone containing the 3' non-coding region of the H3.3B mRNA from positions +476 to + 1471 of the previously reported sequence (20) and subcloned into pSKM 13 + Bluescript plasmid vector (Stratagene). pMH3A-3' contains a 450 bp Kpn I-Hind III fragment from the 3' non-coding region of pMH921 subcloned into pGEM 3Z plasmid vector (Promega). cDNA probes that were synthesized using poly A + mRNA isolated from untreated and HMBA-treated (18 hrs.) cells.
RESULTS

Isolation
Four filter replicas were prepared from each of several 150 mm plates containing 600 -800 plaques per plate. The first and third filters were hybridized with cDNA probe prepared from untreated cells while the second and fourth filters were hybridized with probe prepared from HMBA-treated cells. Using duplicate filters for each probe eliminated some false positives and reduced the number of clones that required secondary screening. Initially about 5,000 plaques were analyzed in this way and after 2 rounds of purification we isolated two clones that appeared to exhibit increased expression in HMBA-treated cells. Figure 1 shows autoradiograms of the first and second filter replicas that were hybridized with probes prepared from untreated and HMBAtreated cells. Two cDNA clones that showed stronger hybridization signals with probe made from HMBA-treated cells were detected (indicated by arrows in Fig. 1 ). These clones were designated 4.1 and 4.2.
After two rounds of purification, Northern blot hybridization of total RNA isolated from MEL cells that were treated with HMBA for different periods of time, confirmed increased expression of the two genes. Clone 4.2 hybridized to four RNAs species ranging in size from 0.6-1.8 kb (Figure 2 (20) . To determine which of the four RNA bands that hybridized with the 4.2 cDNA clone were specific for the H3.3B gene, we hybridized MEL cell RNA with a plasmid, designated pMH3B-3', which contains only the 3' noncoding region of the H3.3B gene (Figure 3a) . Among (24) . Northern blot hybridization showed a single RNA band of about 1.2 kb indicating that this probe did not hybridize with other H3 mRNAs (Figure 4) . Like the H3.3B mRNAs, the H3.3A mRNA also increased by 4 Figure 7 . Analysis of H3.3 mRNA levels during HMBA treatment of deregulated c-myc and c-myb transfectants. MEL cell transfectants, clone 57 (panels a and d), myc 56 (panels b and e) and myb 91A (panels c and f) were grown in the presence of 5mM HMBA. At the times indicated, total cellular RNA was isolated and analyzed by blot hybridization. Panels a, b and c were hybridized with the electroeluted Eco RI fragment of the pMH3B-3' plasmid containing the 3' noncoding region of the H3.3B cDNA clone. Panels d, e and f were hybridized with the electroeluted Kpn I-Hind III fragment of pMH3A-3' containing the 3' noncoding region of the H3.3A genomic pseudogene. After 5 days of HMBA treatment clone 57 produced 85% benzidine-positive cells, whereas clones myc 56 and myb 91A produced less than 1% and 5% positive cells, respectively.
periods of time. The in vitro elongated RNA products were hybridized to immobilized probes derived from the 3' noncoding regions of both genes. A coding region probe derived from a H3.2 replication-dependent gene (23) was used as a control in separate hybridization reactions. We observed a small increase in the rate of H3.3B transcription in nuclei from cells treated with HMBA for 4 and 8 hours (Figure 6 ). The increase is not sufficient however to account for the 4-5 fold induction in the steady-state level of the H3.3B mRNAs. Likewise, the rate of H3.3B transcription remained relatively high after 72 hours of HMBA treatnent, despite the low level of H3.3B mRNA present in cells at this time (Figures 3 and 5) . We conclude that both the induction and subsequent decline of H3.3B mRNA during MEL cell differentiation is primarily due to post-transcriptional control. Consistent with the lower levels of H3.3A mRNA compared with H3.3B mRNA in MEL cells and tissues ( Figures  3, 4, 7) we were unable to detect significant levels of transcription of H3.3A.
Expression of H3.3A and H3.3B genes in deregulated c-myc and c-myb MEL transfectants The level of expression of the c-myc and c-myb protooncogenes changes dramatically during the precommitment period of MEL cell differentiation. The amount of the mRNAs for both genes declines rapidly in the first hours after treatment of the cells with differentiation inducing agents and then returns to pretreatment levels at about 18-24 hours. We have shown previously that two polyadenylated HI histone mRNAs are rapidly induced in this period. Furthermore, by studying MEL cell transfectants that are inhibited for differentiation due to overexpression of myc or myb from heterologous promoters we showed that induction of both HI mRNAs is blocked specifically by overexpression of myc (11) . Since the H3.3 mRNAs are also induced in this period we sought to determine whether their induction was affected by the level of expression of the protooncogenes.
We analyzed expression of H3.3A and H3.3B mRNAs in two i ; 43.. " F. tIS. Figure 8 . Northern blot hybridization of H3.3B and H3.3A mRNAs in newborn and adult mouse tissues. Fifteen micrograms of total RNA prepared from the indicated tissues were probed with radiolabeled fragments of pMHB-3' (H3.3B) and pMH3A-3' (H3.3A) plasmids. Hybridization was performed as described in Figure 6 . N= newborn; A= two-months old B6/CBA mice. The position of the 18S rRNA marker, visualized in the gel by ethidium bromide staining, is indicated at the right.
MEL transfectant cell lines, myc 56 (9) and myb 91A (13) , that produce high levels of exogenous myc or myb transcripts respectively, and in a control transfectant cell line (clone 57, (9)) that contains only the SVneo selectable marker gene. The mRNA levels of H3.3B and H3.3A were observed to increase at early times of HMBA treatment in all three cell lines ( Figure 7) . Nevertheless, certain differences among these cell lines were apparent in the pattern of expression of both H3.3 genes. Firstly, although both types of mRNA were induced in the mycoverexpressing line, the level of the three H3.3B mRNAs as well as the H3.3A mRNA at all times were substantially reduced in this line when compared to that in the control and myboverexpressing lines. Secondly, while all H3.3B and H3.3A mRNAs were markedly down regulated after prolonged HMBA treatment of the control and myc transfected lines, as well as DS19 MEL cells (Figure 3) , they remained at a high level in the myb overexpressing line. Thus, unlike the rapid induction of the HI histone poly A + mRNAs which is blocked by overexpression of myc (1 1 (Figs 2 and 3 and G.Rao, DBK and AIS, in preparation). Several of the genes shown previously to change expression in the precommitment period, including c-myc and c-myb, exhibit quantitative changes in mRNA level of 5-15 fold, which might not be detected using subtractive hybridization methods.
One of the cDNAs we isolated by differential hybridization corresponds to the H3.3B gene as deduced by sequence analysis of the 3' untranslated region. Confirming previous results (20) we found that the H3.3B gene encodes three polyadenylated mRNAs differing in the lengths of the 3' noncoding region. The three mRNAs are coordinately induced during the first few hours of HMBA treatment, achieving a maximum level between 4 and 12 hours. Thereafter the mRNA levels return to preinduction levels and gradually decrease as the cells undergo terminal differentiation. Nuclear run-on transcription experiments failed to detect substantial changes in the rate of transcription of the H3.3B gene throughout this period, suggesting that both the initial accumulation of the H3.3B mRNAs and their subsequent decline are governed by post-transcriptional mechanisms. Using a 3' noncoding region probe specific for the H3.3A gene we detected a single mRNA species. The H3.3A mRNA exhibited a very similar pattern of accumulation and decline as seen for the three H3.3B mRNAs. The transcription of the H3.3A gene in isolated nuclei was too low to make an accurate determination as to whether its rate of transcription changes. Nevertheless the very similar kinetics of increase and decrease for the four H3.3 mRNA species suggests a coordinate regulation, probably at the level of post-transcriptional control. Brown, et al., (27) previously reported that the steady state level of a H3.3 mRNA was relatively constant in MEL cells after HMBA treatment. However these authors did not study the mRNA level prior to 24 hours of HMBA treatment.
We have described previously two other histone genes which encode polyadenylated H1 histone mRNAs that are induced during the precommitment period in MEL cells (11) . Both HI genes produce two mRNAs, one of which in each case exhibits a pattern of induction and decline very similar to that shown here for the H3.3A and H3.3B mRNAs. The Hlvar.I gene produces two mRNAs, a nonpolyadenylated, cell cycle regulated mRNA and a polyadenylated, replication-independent mRNA. Only the latter form is induced in the first few hours after treating MEL cells with HMBA and the kinetics of induction and decline of this mRNA are very similar to that reported here for the H3.3A and H3.3B mRNAs (28) . The Hi0 gene also produces two mRNAs, a 1.0kb mRNA and a 2.2kb mRNA both of which are polyadenylated. Interestingly the 1.0kb HI0 mRNA is rapidly induced after HMBA treatment and then declines after 8-12 hours of HMBA treatment, whereas the 2.2kb Hi0 mRNA is also rapidly induced but is maintained at a high level throughout the differentiation program (29) . The observation that several different polyadenylated histone mRNAs are induced and then down-regulated during the MEL cell precommitment period could suggest that there is a common control mechanism operating specifically on this unique class of mRNAs. However, two types of observations argue against this possibility. Firstly, control of the two HI histone genes occurs via increased transcription (29) , whereas the induction and down-regulation of the H3.3A and H3.3B genes appears to be controlled primarily by a posttranscriptional mechanism. Secondly, whereas induction of the HIvar. 1 and H10 polyadenylated mRNAs is blocked specifically by deregulated expression of c-myc (11) , using the same transfected cell lines used previously for studying the Hi genes we did not find an effect of deregulated expression of c-myc or c-myb on the induction of H3.3A and H3.3B mRNAs. However it is worth noting that overexpression of myb did appear to inhibit the down regulation of H3.3A and H3.3B mRNAs occurring in control and myc overexpression lines after prolonged treatment with HMBA ( Figure 6 ). Further study of additional myb transfected cell lines will be needed to confirm this point. 
